During limb formation massive cell death in the mesenchyme of the interdigital spaces accompanies the formation of free digits. Members of the transforming growth factor beta (TGF-b) superfamily were discussed to play a key role in cell-cell interactions, important in the regulation of programmed cell death (PCD). TGF-b itself is believed to be involved in epithelial-mesenchymal interactions. Here, we demonstrate that PCD is significantly reduced in interdigital spaces of the developing limbs of Tgfb 2 2/2 Tgfb 3 2/2 double knockouts. The regression of interdigital webs seems to be doses-dependent as interdigital mesenchyme is at least partly reduced in Tgfb 2 2/2 Tgfb 3 1/2 mutants, whereas interdigital zones of Tgfb 2 2/2 Tgfb 3 2/2 double knockouts reveal only minimal signs of regression. We conclude that TGFb is a critical extrinsic regulator of PCD. q
Introduction
Programmed cell death (PCD) is considered one of the most important cellular processes in the morphogenesis of organs and tissues during animal development as it plays a key role in eliminating unnecessary cells to achieve complicated histogenesis. Cell death in the interdigital spaces of the developing limb is a classical example of morphogenetic cell death, which is often referred to as physiological cell death or physiological necrosis. In the mouse this interdigital cell death shows the typical apoptotic nuclei morphology including DNA fragmentation, which argues that this PCD is apoptotic (Garcia-Martinez et al., 1993; Zakeri et al., 1994; Mori et al., 1995) . Umpierre et al. (2001) showed that active caspase-3, a key factor in the apoptotic cascade, and DNAfragmentation (localized by terminal desoxynucleotidyl transferase-mediated nick-end labeling (TUNEL)) co-localize in cells programmed to die.
Interdigital cell death has long been proposed to be essential for tissue modeling and for digit separation during limb formation in amniotes (Saunders, 1966; Gilbert, 1997; Jacobson et al., 1997) , since massive cell death in the mesenchyme of the interdigital spaces accompanies the formation of free digits in reptiles (Fallon and Cameron, 1977) , birds (Hincliff and Ede, 1973) , and mammals (Ballard and Holt, 1968; Zakeri et al., 1994) . Interdigital PCD is less abundant in animal species with webbed legs (i.e. duck) (Hurle and Colvee, 1982) , in which some of the interdigital tissue persists to form webbing. Hincliff and Thorogood (1974) examined the limb buds of a chick mutant talpid 3 , in which webbing persists between the digits of the foot and found that interdigital cell death is absent or much reduced. Zakeri et al. (1994) demonstrated the suppression of cell death in the interdigital region of the embryonic Hammertoe mouse, which can cause the limb deformity phenotype. The phenotype of apoptotic protease activating factor 1 (Apaf1) mouse mutants also includes persistence of interdigital webs (Cecconi et al., 1998) and the mouse mutant Fused toes (FT) likewise shows absence of PCD in forelimbs of FT/1 mice (van der Hoeven et al., 1994) .
It has been shown that prior to cell death the interdigital mesenchyme has a chondrogenic potential and that some cells between digital rays need to die to prevent formation of extra digits (Hurle and Gañan, 1986; Hurle et al., 1989; Garcia-Martinez et al., 1993) .
Members of the transforming growth factor beta (TGF-b) superfamily (TGF-b itself and bone morphogenetic proteins (BMPs)) as well as members of fibroblast growth factor (FGF) family appear to have a central role in epithelialmesenchymal and mesenchyme-mesenchyme interactions, important in specifying patterns of the limb bud (Tickle, 1994) . TGF-bs, our research interest focuses on, exist in three highly homologous isoforms -TGF-b1, -b2, andb3 -and elicit their cellular responses by signaling via specific type I and type II receptors (TbR-I, -II; Roberts and Sporn, 1990; Itoh et al., 2000; Massague and Chen, 2000) . Upon ligand binding TbR-II initiates the signaling cascade, involving phosphorylation of the TbR-I, and the propagation of the signal by the smads (Itoh et al., 2000) .
We have shown that PCD of chick ciliary, dorsal root, and spinal motor neurons is largely prevented following application of a neutralizing antibody that recognizes all three TGF-b isoforms . The pro-apoptotic role of endogenous TGF-b was confirmed most recently by showing TGF-b's capacity to prevent cell death in the developing chick retina (Dünker et al., 2001) . Neutralization of endogenous TGF-b during the early period of PCD in the chick retina resulted in a significant reduction of PCD revealed by a marked decrease of TUNEL positive cells (Dünker et al., 2001) .
In the present study, we show for the first time TGF-b's role in mediating apoptosis in mammals by analyzing the limb phenotype of Tgfb 2 2/2
Tgfb 3
2/2 double knockout mice. The amniote limb is a classic model for studying the mechanisms that control cell death during embryogenesis, with the majority of the descriptive and experimental work performed in chick limbs. Since differences may exist among amniotes and mouse is one of the chosen models for genetic studies, determination of PCD patterns in this latter species is warranted.
The work presented here addresses the prompting question whether TGF-b might also play a role in tissue shaping during limb development by regulating PCD in non-neuronal tissue of interdigital webs. 
Results
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1/2 littermates. These findings were confirmed analyzing hematoxylin and eosin (HE)-stained sections of wild-type and mutant limbs (Fig. 2) . We found that the regression of interdigital webs is obviously gene doses-dependent as the interdigital mutants (B), interdigital webs are persistent (arrows) and the digits are still fused at E15.5. White insets demarcate the regions shown at higher magnification in Fig. 2A 
Tgfb 3
2/2 double mutants E13.5 limb buds are in the earliest stages of PCD that will remove much of the interdigital mesenchyme. In wild-type limbs a massive degeneration process accounts for the disappearance of the interdigital mesenchyme and is concomitant with the beginning of digit separation which normally leads to the establishment of marked mesenchymal indentations between the chondrogenic condensations of the future digits ( Fig. 4A, B ). In Tgfb 2 2/2
Tgfb3
2/2 double mutants, however, these indentations in the interdigital zones are less pronounced (Fig. 4C ). At E14.5 a marked progression in digit separation is evident in wild-type embryos (Fig. 4D , E), whereas digits of E14.5 Tgfb 2 2/2 Tgfb 3 2/2 double knockouts are still fused by interdigital webs (Fig. 4F ). Although degeneration of the mesenchymal interzones is retarded in Tgfb 2 2/2 Tgfb 3 2/2 double mutants, most likely due to a significant reduction of PCD in this region (see below), interdigital webs of Tgfb 2 2/2 Tgfb 3 2/2 double mutants display a lower cell density compared to wild-type littermates (Figs. 4C, F, 6B, and 7B). Besides, chondrogenesis of the developing digits seems to have progressed in Tgfb 2
2/2
Tgfb3
2/2 double knockouts.
Detection of cell death by TUNEL stain and active caspase-3 immunohistochemistry
Cell death in the interdigital interzones can be visualized by TUNEL staining which localizes DNA fragmentation. Alternatively, caspase-3, the central player in mediating Fig. 2 . HE-stained sections of E15.5 forelimbs of wild-type mice (A) and mutant (B,C) littermates showing the respective interdigital zones between digit two and three. Numbers indicate individual developing digits. In wildtype limbs all evidence of webbing has already disappeared at this stage (arrow in A). The regression of interdigital webs in Tgfb mutants is obviously gene doses-dependent as the interdigital mesenchyme is at least partly reduced in Tgfb2 2/2 Tgfb3 1/2 mutants (arrow in B), but shows no or only minimal signs of regression in Tgfb2 2/2 Tgfb3 2/2 double knockouts (arrow in C). Scale bar: A ¼ 100 mm (also applies to B,C). cell death, can be detected using an anti-active caspase-3 antibody, specifically staining apoptotic cells without staining non-apoptotic cells. Cysteine proteases called caspases are among the mediators of the execution phase of apoptosis.
Many TUNEL positive cells with fragmented nuclei typical of apoptotic cells were seen in the interdigital zones of E14.5 forelimbs (Fig. 5B ) and hindlimbs (data not shown). No unspecific staining was found in negative controls incubated with label solution without the terminal transferase (Fig. 5A) . The specificity of the TUNEL labeling was confirmed by the fact that erythrocytes remained unstained (Fig. 5B) . Numerous active-caspase-3 positive cells were detected in the same location as TUNEL positive cells (Fig. 5C ) confirming (a) the specificity of the TUNEL labeling and (b) the apoptotic nature of these cells.
Decrease in PCD (TUNEL positive cells) in interdigital zones of Tgfb 2
2/2 Tgfb 3 2/2 and Tgfb2
2/2
Tgfb 3 1/2 mutants Cell death in the interdigital interzones of E13.5 and E14.5 forelimbs was visualized by TUNEL staining. Many TUNEL positive cells were seen in the interdigital zones of E13.5 wild-type limb (Fig. 6A ). In Tgfb 2 2/2 Tgfb3 2/2 double knockouts, however, only very few apoptotic nuclei were detectable (Fig. 6B ). This marked reduction in interdigital cell death becomes even more evident at E14.5: numerous TUNEL positive apoptotic cells with fragmented nuclei were detected in interdigital webs of wild-type limbs (Fig. 7A) , whereas interdigital zones of Tgfb 2 2/2 Tgfb 3 2/2 double knockouts exhibit only sparse apoptotic nuclei (Fig. 7B) .
It is evident that this significant reduction in PCD not only accounts for the persistence of webbing at E15.5 but also for the lack of indentations in interdigital zones in E13.5 and E14.5 TGF-b mutant limbs.
Discussion
In the present study, we demonstrated that PCD in the interdigital spaces of forelimbs and hindlimbs is significantly reduced in Tgfb2 interdigital webs is obviously gene doses-dependent as the interdigital mesenchyme was at least partly reduced in Tgfb 2 2/2 Tgfb 3 1/2 mutants, whereas the interdigital zone of Tgfb 2 2/2 Tgfb 3 2/2 double knockouts revealed no or only minimal signs of regression.
A reduction in PCD in the interdigital zones of the devel- Fig. 4 . Forelimb buds of E13.5 (A-C) and E14.5 (D-F) wild-type embryos and Tgfb2 2/2 Tgfb3 2/2 double knockout littermates. Numbers indicate individual developing digits. In E13.5 (A,B), and even more pronounced in E14.5 wild-type limbs (D,E), a massive degeneration of the interdigital mesenchyme accounts for the disappearance of the interdigital mesenchyme. At E13.5 this normally leads to the establishment of marked mesenchymal indentations between the chondrogenic condensations of the future digits (arrows in A,B). In E13.5 Tgfb 2 2/2 Tgfb 3 2/2 double knockouts (C,F), however, these indentations in the interdigital zones are less pronounced (arrows in C). At E14.5 a marked progression in digit separation is evident in wild-type embryos (arrows in D,E), whereas digits of E14.5 Tgfb2 2/2 Tgfb3 2/2 double knockouts are still fused by interdigital webs (arrows in F). Due to persisting interdigital webs, digits of Tgfb2 2/2 Tgfb3 2/2 double knockout limbs seem to be flexed towards the palmar surface whereas wild-type digits are stretched horizontally. Scale bar: A ¼ 500 mm (also applies for B-F).
oping limbs was also found in the Apaf1 knockout (Cecconi et al., 1998) . The cytosolic protein Apaf1, human homolog of Caenorhabditis elegans CED-4, participates in the caspase-9 dependent activation of caspase-3 in the general apoptotic pathway. Homozygous Apaf1 mutants die at E16.5 and show, besides other phenotypic alterations, persisting interdigital webs like our mutants. In wild-type embryos, interdigital cells of the limbs, which undergo apoptosis as a means of sculpting the digits disappear by E15.5. In the homozygous Apaf1 mutant, however, these cells can still be seen at this stage, resembling the situation in E15.5 Tgfb2
2/2
Tgfb 3 2/2 double knockouts and in Tgfb 2 2/2 Tgfb 3 1/2 mutants. Corresponding to our TUNEL experiments, apoptosis could be detected in the wild-type by DNA fragmentation labeling (Fragel method) but only at a very low level in Apaf1 mutant interdigital cells (Cecconi et al., 1998) . Pro-apoptotic BCL-2 family members like bax and bak also play a central role in regulating cell death. Interestingly, bax 2/2 bak 2/2 double knockouts besides multiple developmental defects also display persistence of interdigital webs (Lindsten et al., 2000) . The semidominant Hammertoe mutation which affects all four toes in mice likewise shows strongly reduced cell death in the interdigital region resulting in webbing between digits two and five (Green, 1989; Zakeri et al., 1994) . A similar phenotype was stated for Fused toe (FT) mutant mice. The interdigital cell death, which normally starts at about E13, does not take place between digit one and four in FT heterozygous mice. As a consequence, the tips of the cartilage condensations in the digits become fused (van der Hoeven et al., 1994) . These data confirm in vivo the need for PCD in the sculpting of normal limbs.
In the final stage of limb morphogenesis, autopodial cells leaving the progress zone differentiate into cartilage or undergo apoptosis, depending on whether they are incorporated into the digital rays or interdigital spaces. Most evidence indicates that these two opposite fates are controlled by BMP signaling (Merino et al., 1998) . It is well known that BMPs are expressed in the apical ectodermal ridge (AER) as well as in the interdigital regions and BMP-2 appears to participate in mesenchyme-mesenchyme interactions of the polarizing region pathway, important in specifying patterns of the limb bud (Tickle, 1994) . The role of BMPs in PCD is confirmed by the inhibitory effect of noggin on apoptosis signaling (Merino et al., 1998) . Zou and Niswander (1996) as well as Yokouchi et al. (1996) showed the significance of BMP signaling in interdigital apoptosis as blockade of the BMP pathway resulted in webbed feet by apparently preventing cell death in chicken limb buds. Merino et al. (1998) showed that the Tgfb2 gene is expressed in the condensing region of the developing digital rays of the avian limb and that TGF-bs induce the expression of bmpR-Ib and promote ectopic chondrogenesis, compatible with a function in the establishment of the position of the digital rays. Phenotype analyses of gene ablations within the TGF-b signaling pathway support the notion that TGF-b holds a prominent role in mouse development (Kaartinen et al., 1995; Proetzel et al., 1995; Sanford et al., 1997; Dünker and Krieglstein, 2000) . As already suggested by analyses of TGF-b expression patterns as well as many in vitro and in vivo experiments TGF-b is thought to be involved in developmental processes such as epithelialmesenchymal interactions, cellular and tissue differentiation, and organogenesis.
The most marked areas of PCD in the developing limbs occur in the mesenchyme. Interestingly, the undifferentiated mesenchyme stains positively for the TGF-b receptor type II (TbR-II) mRNA, whereas the condensing metatarsal cartilages are negative (Lawler et al., 1994) . According to their expression pattern in prechondrogenic condensations (including digital rays; Millan et al., 1991) , members of the TGF-b family are good candidates for the specification of digital and interdigital regions. Tgfb 2 RNA was seen at high levels in the precartilaginous blastema of mouse limb buds at E12.5 before there is any morphological distinction between these cells and the adjacent mesenchyme (Millan et al., 1991) . Pelton et al. (1990) likewise identified Tgfb 2 in chondroblasts of the developing mouse limb. Gañan et al. (1996) revealed a chondrogenic inducing effect of TGF-b by implanting TGF-b-beads in interdigital spaces of chick limb autopods. Administration of TGF-b1 and TGF-b2 resulted in the formation of ectopic cartilage and extra digits whereas implantation of BMP-beads accelerated PCD (Gañan et al., 1996) . Besides, Tgfb 2 has been shown to stimulate chondrogenic differentiation in high-density micromass cultures of distal limb bud mesenchymal cells of chick embryos (Schofield and Wolpert, 1990) .
TGF-b is well known as a contextual acting molecule , which means that many functions of TGF-b are dependent on the presence of other growth factors like e.g. FGF. Members of the FGF family, FGF2 and FGF4, appear to have a central role in epithelialmesenchymal interaction between AER and underlying mesenchyme, necessary for outgrowth. The function of the AER can be substituted for by implantation of FGF2 or FGF4 soaked beads. Local administration of FGFs to interdigital tissue prior to cell death inhibits PCD and blocks interdigit degeneration, stimulates cell proliferation, and causes formation of webbed digits (Macias et al., 1996) . Besides, a recent study suggested that FGF8 could be one of the factors responsible for differential digit-interdigit growth (Salas-Vidal et al., 2001) . One might speculate that TGF-b and FGF probably act synergistically or in concert to exert their effects on limb development like it has already been shown in other systems (Larson et al., 1992; Schubert, 1992; Frenz et al., 1994; Stern et al., 1997) .
Members of the CED-3/interleukin-1b-converting enzyme (ICE) protease family have likewise been implicated in PCD. If cell death is inhibited by treatment with a peptide caspase inhibitor, interdigital cells which normally die are rescued and digit formation is blocked (Milligan et al., 1995; Jacobson et al., 1996) .
As the amount of endogenous TGF-b is tightly regulated, exogenous application of TGF-b might have no or only a limited effect. Besides, so far nobody considered TGF-b's possible role in mediating interdigital apoptosis. Reduction of endogenous TGF-b by antibody neutralization resulted in significant alterations in cell death levels as described previously Dünker et al., 2001) . In the present study, we chose a genetic deletion approach to confirm that TGF-b is involved in interdigital cell death. The phenotype of Tgfb 2 2/2
Tgfb 3
2/2 double knockouts as well as in Tgfb 2 2/2 Tgfb3 1/2 mutants strongly resemble that of Hammertoe mice (Zakeri et al., 1994) , Apaf1 (Cecconi et al., 1998) , bax 2/2 bak 2/2 (Lindsten et al., 2000) , and Fused toes mouse mutants (van der Hoeven et al., 1994) . As all these mutant phenotypes have been demonstrated to result from a suppression of PCD in the interdigital region of the developing limb, the TGF-b knockout phenotype along with previous studies Dünker et al., 2001 ) strongly argues for a role of TGF-b in the regulation of PCD in vivo. As TGF-b acts as an extracellular signaling molecule, whereas e.g. Apaf1, bax, and bak are intracellular mediators, TGF-b may even function as a key regulator in the induction of the cell death upstream in the apoptotic cascade.
In the present study, we found chondrogenesis to be accelerated in Tgfb 2 
1/2 mutants already display hypertrophied chondrocytes, representing an advanced step in enchondral ossification, whereas normal wild-type digits still contain proliferating chondrocytes.
During vertebrate embryogenesis, bones of the limbs are formed on an initial cartilaginous model. This endochondral ossification begins from condensation and differentiation of mesenchymal cells into cartilage. This cartilage then goes through a precise program of cell proliferation, hypertrophic differentiation, calcification, and apoptotic cell death of hypertrophied chondrocytes, and eventually is replaced by bone (Cancedda et al., 2000; Yang et al., 2001) . Yang et al. (2001) showed that TGF-b/Smad3 signals normally repress chondrocyte hypertrophic differentiation as homozygous Smad 3 ex8/ex8 mutant mice display enhanced terminal differentiation of epiphyseal growth plate chondrocytes. The involvement of TGF-b in chondrogenesis was further confirmed by the notion that expression of a truncated TbR-II in mouse skeletal tissue promotes terminal chondrocyte differentiation (Serra et al., 1997) .
From data published so far one might hypothesize that terminal differentiation of chondrocytes, normally repressed by TGF-b, is released from restriction in Tgfb 2 2/2 Tgfb 3 2/2
and Tgfb 2 2/2
Tgfb 3 1/2 mutants resulting in premature hypertrophy of chondrocytes. If an acceleration in chondrogenesis has any influence on the persistence of interdigital webs remains to be determined.
Experimental procedures
Animals Tgfb2
1/2 and Tgfb3 1/2 heterozygous mice were offspring from breeding pairs kindly provided by T. Doetschman, University of Cincinnati (Cincinnati, OH, USA). The generation of these strains is described elsewhere (see Proetzel et al., 1995; Sanford et al., 1997 
Tgfb 3
1/1 littermates of the respective mutants were used as wild-type controls. Females with a vaginal plug the morning after time pregnant mating were designated as gestation day 0.5.
Morphological studies
At different days of gestation (embryonic stages E13.5, E14.5, and E15.5) pregnant females were sacrificed by cervical dislocation and the embryos were removed from the uterus. Forelimbs and hindlimbs were dissected, fixed in Bouin's fixative (picrid acid, formaldehyde, and glacial acetic acid) for several hours, dehydrated in a graded series of ethanol and embedded in paraffin wax. The morphology of the limb buds was studied (a) prior to fixation in vivo and (b) on HE-stained histological paraffin sections of transgenic and wild-type mice.
Detection of cell death
Cell death was detected by (a) TUNEL staining and (b) active caspase-3 immunohistochemistry.
TUNEL
Paraffin sections (10 mm) were deparaffinized and stained with in situ cell-death detection kit (Roche; cat.-no: 1684795). In brief, sections were treated with the TUNEL reaction mixture (enzyme solution: terminal deoxynucleotide transferase and label solution: nucleotide mixture including fluorescein-dUTP) and incubated in the dark for 2 h at 378C, followed by washes in phosphate-buffered saline (PBS). Incorporated fluorescein was detected by a sheep anti-fluorescein antibody, conjugated with horseradish peroxidase (POD). The substrate reaction was visualized with nickel-intensified DAB and the sections were counterstained with nuclear fast red. No unspecific staining was found in negative controls incubated with label solution without the terminal transferase instead of TUNEL reaction mixture.
Active caspase-3 immunohistochemistry
Caspase-3 was detected using a rabbit polyclonal antiactive caspase-3 antibody (Promega), specifically staining apoptotic cells. Deparaffinized sections were preincubated with 10% normal goat serum (NGS) in PBS containing 0.3% Triton-X 100 for 1 h. Immunostaining was performed using the anti-active caspase-3 antibody at a dilution of 1:250. The reaction was visualized with a Cy3 goat antirabbit IgG conjugated secondary antibody (Alexa) at a dilution of 1:1000 in 10% NGS/PBS/Triton-X 100. As controls, PBS was substituted for the primary antisera in order to test for non-specific labeling. No specific cellular staining was observed when the primary antiserum was omitted.
